Conclusions: uIL-18 did not reliably predict AKI development, but did predict poor clinical outcomes in a broadly selected, critically ill adult population.
T he successful translation of promising preclinical treatments for acute kidney injury (AKI) has been hindered by a lack of early, accurate, and reliable indicators of injury. Furthermore, the discovery and validation of biologic markers able to differentiate between patients with mild or reversible forms of AKI and those that will progress to dialysis or not survive may also assist in risk-stratification for clinical trials. Recent efforts to identify biologic markers with early diagnostic and prognostic potential have yielded several candidates (1), including neutrophil gelatinase-associated lipocalin (NGAL) (2) , liver fatty acid binding protein (L-FABP) (3), kidney injury molecule 1 (KIM-1) (4), cystatin C (5), and IL-18 (urine IL-18 ) (6, 7) .
IL-18, a proinflammatory cytokine of the IL-1 superfamily, is found in monocytes, fibroblasts, and proximal renal tubular epithelial cells (8) . The ability of IL-18 to mediate ischemic proximal tubular injury in mice and proinflammatory responses via its actions on the Toll-like receptor 4 has provided a rationale for its use as a human AKI biomarker (9, 10) . Previous studies have explored the ability of uIL-18 levels to predict AKI among children undergoing cardiopulmonary bypass (11) , adults receiving a kidney transplant (12) , and in children requiring mechanical ventilation (13) . More recently, early translational studies in humans with limited sample sizes have demonstrated that uIL-18 levels can provide important prognostic information for AKI patients after cardiac surgery (11), 3-month graft function in kidney transplant patients (11) , and survival in acute respiratory distress syndrome (ARDS) and in critically ill children (6, 13) .
Using a large cohort of critically ill adults participating in the National Institutes of Health (NIH)-sponsored Validation of Biomarkers for Acute Lung Injury Diagnosis (VALID) study; we examined the ability of uIL-18 to predict both the develop-ment of AKI and clinically relevant outcomes including mortality and dialysis in a heterogeneous intensive care unit (ICU) population. Results were also compared independently and in combination with the previously reported performance of urine NGAL (uNGAL) (14) .
Materials and Methods

Patients
The first 588 patients enrolled between February 2006 and January 2007 in the previously reported NIH-sponsored VALID study were studied. All adult (Ն18 years of age) patients admitted to one of four ICUs (Medical, Cardiac, Surgical, Trauma) at Vanderbilt University Medical Center (VUMC) who remained in the ICU at ICU day 2 were eligible for enrollment (14) . Patients were excluded if they experienced a cardiac arrest before enrollment, had transfer orders written or anticipated within 4 hours, died or were discharged within 48 hours of ICU admission, were admitted for uncomplicated overdose, had chronic lung disease requiring oxygen supplementation at baseline or pulmonary fibrosis, had a history of ESRD or renal transplant (49 subjects), received acute dialysis at or before enrollment (15 subjects), or received ICU care for greater than 3 days before assessment for eligibility. Of the 524 remaining patients, 490 had urine specimens available for analysis. Twenty-three patients had no serum creatinine (SCr) monitoring for all 3 follow-up days because the primary team deemed creatinine measurement unnecessary due to imminent death, discharge, or lack of a condition requiring intensive surveillance of kidney function (e.g., isolated trauma). The study protocol and consent forms were approved by the VUMC Human Subjects Institutional Review Board before study initiation and were in accordance with the Declaration of Helsinki.
Clinical Data Collection
The general study schematic has been described previously (14) . Demographic data including age, gender, weight, ethnicity, and ICU admission diagnoses were collected at the time of enrollment. Acute Physiology and Chronic Health Evaluation (APACHE) II (15) and Simplified Acute Physiology Score (SAPS) II (16) were calculated at enrollment. The presence of the systemic inflammatory response syndrome (SIRS), sepsis, or severe sepsis was determined on a daily basis according to the American College of Chest Physicians/Society of Critical Care Medicine Consensus definition (17) . Vasopressor use, nephrotoxin exposure, blood product transfusion, 24-hour urine output, and fluid balance were collected during the ensuing 72-hour follow-up period. A history of chronic kidney disease (CKD) was considered present if recorded within the admission documentation or by a GFR of Ͻ60 ml/min per 1 (20) .
Patients were followed prospectively until hospital discharge and ICU and hospital length of stay, and hospital mortality was recorded. The VALID database has been cross-referenced to the Social Security Death Index to allow for longitudinal determination of mortality. The Social Security Death Index is 88.2% sensitive for death for the general population (21) . Patients without a recorded death in the death index were considered alive at 28 days after the study enrollment. Renalspecific outcomes were also collected including the need for nephrology consultation, indication and type of renal replacement therapy, and dialysis-dependence at discharge.
Laboratory Data Collection
The highest and lowest SCr values were recorded daily from ICU admission through 72 hours after enrollment. AKI was defined as a 0.3 mg/dl or 50% increase in SCr from the value closest to enrollment (generally the routine morning draw) to the maximum SCr within 48 hours as suggested by acute kidney injury network (AKIN) (22) .
uIL-18 and creatinine samples were collected the morning of enrollment from the proximal meter reservoir of the Foley catheter, immediately placed on ice, pipetted into 400-l aliquots, and frozen at Ϫ80°C within 1 hour of collection. IL-18 levels were measured in urine using the human IL-18 ELISA no. 036 (MBL International, Gentofte, Denmark). Since the Human IL-18 ELISA kit from MBL was only validated by the manufacturer for plasma and serum, we did an in-lab validation for measurement in human urine. Recombinant IL-18 protein was spiked into normal, control urine. After subtracting the concentration of the human IL-18 of the unspiked control from the recovered values in the spiked samples, we determined that there was good correlation between the spiked and recovery concentrations in the upper region of the standard curve (64 to 1000 pg/ml). However, there was poor sensitivity below 64 pg/ml. To improve sensitivity, the manufacturer's protocol was revised to incubate the urine samples with the primary monoclonal antibody for 24 hour instead of 1 hour, which resulted in excellent sensitivity below 64 pg/ml with a lower limit of detection of 2 pg/ml. Samples were run in duplicate, and lab personnel were blinded to the injury status of each patient. The mean intra-assay coefficient of variation in our laboratory was 3.1%. Urine creatinine was measured at the VUMC General Clinical Research Center core laboratory facility using a quantitative colorimetric assay (VITROS Chemistry Products; Ortho-Clinical Diagnostics Inc., Rochester, NY).
Statistical Analysis
Baseline characteristics of patients were described as medians with interquartile range (IQR) for continuous variables and compared using the Wilcoxon rank sum test. Categorical variables were expressed as proportions and compared using the Pearson 2 .
The ability of uIL-18 measured at enrollment to predict AKI development was analyzed separately at 24 and 48 hours using logistic regression. We selected patients who had at least one measured creatinine during the first day of enrollment for the 24-hour analysis, and for two consecutive days for the 48-hour analysis to avoid survivor or surveillance bias. Controls were selected with creatinine data at 24 hours and without evidence of AKI (0.3 or 50% increase in SCr from enrollment). For the 48-hour analysis, controls were also required to have a second creatinine measured and not meet criteria for AKI from enrollment.
The ability of uIL-18 to discriminate between AKI and non-AKI during the follow-up period was determined using receiver operating characteristic (ROC) curves providing sensitivity and specificity at different cutoff values of uIL-18 to detect AKI and the area under the curve (AUC). To reduce the contribution of pre-existing AKI, we performed sensitivity analyses restricting analysis to those patients with an enrollment eGFR of Ͼ75 ml/min per 1.73 m 2 . To assess the independent predictive ability of uIL-18 compared to a priori specified predictors of AKI such as age, modified APACHE II score, the presence of sepsis, organ failure, SCr closest to enrollment, ICU location, and previously measured uNGAL levels, a multivariable logistic regression modeling was used. A modified APACHE II score was calculated based on the total APACHE II score minus the points derived from the SCr value to avoid multicolinearity with SCr when these variables were simultaneously included in a multivariable regression. Adjusted effects of uIL-18 were presented as odds ratios (OR) with 95% confidence intervals (CI). The effect modification of sepsis status on the association between uIL-18 and AKI was assessed by stratification analyses and by including a cross-product (IL-18 ϫ sepsis) in multivariable logistic regression models. We also examined for multiplicative effects of uIL-18 and uNGAL on AKI by interaction analyses with a cross-product term in model (IL-18 ϫ NGAL).
The role of uIL-18 in predicting clinical outcomes beyond AKI was evaluated using a multivariable logistic regression model for three different outcomes: (1) the need for inpatient acute dialysis within 28 days of measurement; (2) death within 28 days; and (3) combined endpoint of death or needing dialysis. Patients were monitored during hospitalization to record in-hospital survival or the need for acute dialysis. Death following discharge within 28 days was ascertained using either the electronic medical record or with the Social Security death index. Patients who were discharged alive without dialysis were considered as not having dialysis and being alive at 28 days because of the low likelihood of outpatient dialysis initiation within 28 days. Dialysis models were adjusted for APACHE score only to prevent overfitting, and all other models were adjusted for a priori specifiedcovariates as described above. The statistical software package R version 2.7.2 (www.r-project.org) and SAS version 9 were used for analyses, and two-sided P values of less than 0.05 were required to achieve statistical significance.
Results
Subject Characteristics
AKI was detected in 86 (19.1%) of 451 subjects with any available SCr values within 48 hours following enrollment. Approximately 15% of patients had acute lung injury (ALI)/ ARDS upon study enrollment. Characteristics and uIL-18 levels of patients who developed AKI were compared with 305 subjects who had SCr data available within both 24 and 48 hours, and did not develop AKI (Table 1) . Patients developing AKI were more likely to have CKD, diabetes mellitus, higher illness severity, sepsis, and require vasopressor support on enrollment than non-AKI patients (P Ͻ 0.05). AKI patients were also more likely to experience in-hospital death, require renal replacement therapy (RRT), and had fewer dialysis-free and ventilatorfree days than non-AKI patients (P Ͻ 0.001). Supplemental Figure S1 shows the distribution of creatinine values between patients developing and not developing AKI at each time point. Figure 1A) . By 72 hours after measurement, the AUC further decreased to 0.56 (95% CI: 0.49 to 0.63). A sensitivity analysis restricting the population to those with an eGFR of Ն75 ml ml/min per 1.73 m 2 at enrollment (n ϭ 275) was done to limit the contribution of preexisting AKI at enrollment. Eighteen of these patients developed AKI within 24 hours and were compared with the 257 patients without AKI. Despite similar enrollment median SCr values between the two groups [AKI 0.80 (IQR: 0.60 to 0.90) versus non-AKI 0.85 (IQR: 0.53 to 1.15), P ϭ 0.22], median uIL-18 for patients developing AKI was 346 (IQR: 209 to 633) pg/mg and 189 (IQR: 98 to 390) pg/mg for non-AKI patients (P ϭ 0.013). The AUC for AKI prediction in this subgroup of patients was 0.67 (95% CI: 0.53 to 0.81) (hashed line). We also explored the association between uIL-18 and AKIN staging ( Figure 1B pg/mg] were also higher than in the 473 patients who did not [238 (IQR: 115 to 591) pg/mg], although this did not reach statistical significance (P ϭ 0.075). uIL-18 remained independently associated with the a priori selected outcome of death or need for dialysis [OR 1.86 (95% CI: 1.31 to 2.64)] in multivariable logistic regression model that adjusted for age, modified APACHE II score, SCr closest to enrollment, sepsis status at enrollment, organ failure, and ICU location ( Table 2) . While the major focus of this manuscript was to ascertain if uIL-18 provides early diagnostic and prognostic information, AKI is a known risk factor for poor clinical outcomes. As a result, a sensitivity analysis was performed assessing the ability of uIL-18 to predict our composite outcome after adjustment for age, sepsis, modified APACHE II, enrollment SCr, sepsis, organ failure, ICU location, and AKI within 24 hours of biomarker measurement. As expected, AKI event over 24 hours was predictive of death or the need for dialysis [OR 5.61 (95% CI: 2.80 to 11.26)]. However, uIL-18 measured before this detectable AKI event remained independently associated with our composite outcome [OR 1.76 (95% CI: 1.19 to 2.59)]. The details of this analysis can be found in Supplemental Table S1 .
Association between uIL-18 and AKI Development
Association between uIL-18 and Clinical Outcomes
Comparative Analysis of uIL-18 to uNGAL
We previously studied the utility of uNGAL for prediction of AKI within the same cohort of patients and reported that it performed moderately with an AUC-ROC within 24 hours of AKI of 0.71 (95% CI: 0.63 to 0.78) relative to 0.62 (95% CI: 0.54 to 0.69) for uIL-18 (14) . Supplemental Figure S2 illustrates the relative distribution of enrollment uIL-18 and uNGAL values between patients developing and not developing AKI patients over the first 24 hours. In this cohort, uIL-18 and uNGAL were significantly correlated with a Spearman coefficient of ϭ 0.55 (P Ͻ 0.001). The addition of uIL-18 did not improve the ability of uNGAL to predict AKI as assessed by ROC curve. We also explored for multiplicative effects between uIL-18 and uNGAL for the prediction of AKI within 24 hours and did not find a statistically significant interaction. Separate logistic regression models for uIL-18 and uNGAL were adjusted for age, modified APACHE II, sepsis status at enrollment, and SCr closest to enrollment for AKI within 24 hours (Table 3) . For the outcome of dialysis alone (n ϭ 17), the 
Discussion
Although the critically ill are at high risk for developing AKI (23, 24) , the timing and origin of kidney injury in this setting is heterogeneous, which challenges biologic markers aiming to provide early diagnostic and prognostic information. uIL-18 measured within 48 h of AKI development did not alone reliably predict nor add to the ability of uNGAL to predict the subsequent development of AKI using changes in SCr. These results do not support the routine assessment of uIL-18 for this purpose in a mixed critically ill population. However, uIL-18 levels were independently associated with the risk of adverse clinical outcomes within 28 days and could provide important prognostic information.
uIL-18 has been studied in several settings to detect AKI and predict subsequent renal outcomes. While results have varied, early detection of AKI has proven more robust in settings of discrete ischemia-reperfusion injury such as cardiopulmonary bypass in children and after kidney transplantation (11, 12, 25) . In contrast, prediction of AKI among co-morbid adults undergoing cardiopulmonary bypass (6, 26) , critically ill patients including children requiring mechanical ventilation (13), or patients with ARDS has been less robust. This observation may, in part, be explained by the association of the marker with inflammation (27) . Kidney ischemia-reperfusion results in a localized inflammatory-mediated injury with important contributions from the pleiotropic effects of IL-18 on both innate and cognate immunity (28) . However, in addition to renal tubular cells, expression has been observed within other cell lineages including macrophages, lymphocytes, intestinal epithelia, and fibroblasts raising the possibility of systemic production confound- ing the association between uIL-18 and AKI during acute illness or inflammatory conditions (27) . Nevertheless, the amount of overlap observed in the distribution of uIL-18 levels between those who developed AKI and those who did not develop AKI may therefore limit its use for predicting subsequent rises in SCr in these settings.
Similarly, a relative lack of systemic production may also partially explain the apparent improved performance of this biomarker in the setting of relatively isolated ischemia-reperfusion injury in children (11) , during transplantation of relatively "normal" kidneys (12) , or in contrast nephropathy (29) . Our examination of the interaction between uIL-18 and sepsis also suggested improved performance in nonseptic patients, though this did not reach statistical significance. As septic patients are at higher risk for developing AKI, it can be argued that a higher proportion were at risk for pre-existing AKI at the time of enrollment, which may have contributed to the observed lack of difference in uIL-18 levels within this group. However, our results are consistent with Washburn et al. (13) , who recently demonstrated in a cohort of pediatric patients with established baseline kidney function requiring mechanical ventilation that a more robust association between uIL-18 and AKI development occurred only after the exclusion of septic patients. Whether using urine/plasma ratios of IL-18 in systemically ill patients would increase specificity for "kidney-specific" IL-18 production in AKI in such settings remains to be determined. Nevertheless, these observations highlight the challenges of validating candidate markers in settings such as critical illness where AKI phenotyping is more difficult to accomplish relative to those where the injury type is known or otherwise similar to the model in which the biomarker was initially characterized (e.g., ischemia-reperfusion).
Similar to the investigation of biomarkers for the diagnosis of other complex acute diseases such as ALI/ARDS (30), a single biomarker is unlikely to be sensitive to the multiple pathways (e.g., inflammatory, ischemic, nephrotoxic, coagulation cascade abnormalities, oxidative stress) involved in the generation of AKI in a broadly-selected patient population with acute illness. Consequently, we investigated the use of multiple markers to improve our ability to detect AKI early by examining the relative contribution of uIL-18 to uNGAL. When assessed by ROC curve, uIL-18 did not add substantially to the early discriminative or predictive power of uNGAL for the detection of AKI. In addition to the modest performance of uIL-18 alone, another reason may be the high degree of colinearity observed between these biomarkers. As a result, the incremental value of adding uIL-18 in AKI detection may be marginal because it is measuring information already captured by uNGAL. The failure of correlated biomarkers to provide substantial independent value has been illustrated in other disease states and underscores the importance of panels including "orthogonal" biomarkers that target distinct pathophysiologic mechanisms (31) .
As SCr is commonly used but an imperfect gold standard to which novel candidate markers are being compared, extending analyses to the prediction of less ambiguous clinical endpoints remains an important area to be explored for all putative AKI biomarkers. Several mortality prediction models have been previously developed in AKI patients (32) (33) (34) (35) , although variations in case-mix, clinical data collection, and care processes between settings have often led to a lack of external validity (36) . The use of more specific biologic indicators of renal injury may enhance the performance of these models in predicting renal-relevant outcomes between patient populations. Recent studies have suggested that uIL-18 may provide substantial prognostic information in different settings. Our results indicate that uIL-18 independently predicts the composite outcome of death or dialysis in critically ill patients even after adjustment for known clinical predictors. This finding is likely largely driven by death, which was the predominant event in this composite outcome, suggesting utility for uIL-18 as a marker of prognosis in critical illness. Sensitivity analyses in the small subgroup of patients requiring dialysis suggest that uNGAL may be a more specific predictor of AKI severity than uIL-18, a hypothesis further supported by its relatively superior performance for AKI prediction. Furthermore, we have previously demonstrated that uNGAL independently predicts the need for dialysis when death was treated as a competing risk (14) . These findings need to be validated in larger cohorts and in those with AKI captured at the earliest stages of AKI diagnosis.
While a major strength of this study is the use of a large and diverse ICU-population, it remains a single-center study in need of external validation. Additional limitations include the use of a single time-point assessment of uIL-18 rather than serial measurements. Previous studies have demonstrated a transient peak in uIL-18 levels after a discrete ischemic event and thus, multiple urine samples may have increased the likelihood of observing a difference. However, it can be argued that for a biomarker to be useful in a setting where the type and timing of contributing insults is more variable, sustained expression following injury will be a requisite feature. Urine was also collected from the proximal urinary catheter reservoir and may have been subject to degradation after remaining at room temperature for up to an hour. However, data from our laboratory (CR Parikh, personal communication) suggest that urinary IL-18 is stable in a variety of storage and shipping conditions. Finally, while the higher enrollment SCr values in patients subsequently developing AKI versus controls were at least partially due to the higher underlying CKD rate in this group (27% versus 9%, P Ͻ 0.001), some subjects may have already developed AKI at the time of enrollment, thereby limiting the prediction of de novo injury. However, sensitivity analyses using more severe injury criteria (i.e., AKIN stages II and III) or restricting examination to those with preserved and similar eGFR between AKI and non-AKI groups at enrollment only modestly improved uIL-18 performance for early detection. Furthermore, these results are consistent with two recently published studies where baseline function was largely known (13, 26) as well as a more selective case-control analysis by Parikh et al. in ARDS indicating only modest utility in this regard (6) .
In summary, we found that uIL-18 measured within 24 hours of ICU admission modestly predicted subsequent AKI development in a heterogeneous critically ill adult population, al-though not independently of previously measured uNGAL levels. uIL-18 was independently associated with adverse clinical outcomes and may have a role in defining further riskstratification in this patient population. As AKI remains a complex disease unlikely to be described completely by any single marker, the utility of uIL-18 in determining the prognosis of patients early in course of AKI and in combination with other biomarkers reflecting separate biologic pathways remains an important area for further study.
